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943 018018
bIkerbasque, Basque Foundation for Science

† Electronic supplementary informa
https://doi.org/10.1039/d5se00349k

Cite this: Sustainable Energy Fuels,
2025, 9, 5018

Received 7th March 2025
Accepted 23rd July 2025

DOI: 10.1039/d5se00349k

rsc.li/sustainable-energy

5018 | Sustainable Energy Fuels, 202
ed redox polymer as a cathode
material for lithium organic batteries†

Tijs Lap,a Gabriele Lingua, a Daniele Mantioneab and David Mecerreyes *ab

Organic materials such as redox polymers have gained much attention as sustainable electrode materials

for the next generation of batteries. Specifically, biomass-derived materials are intriguing due to their

potential for their integration into a circular economy. Here we demonstrate a facile one-step

polymerization reaction of vanillin, industrially produced by lignin-fueled biorefineries, which provides

a bio-based catechol redox polymer. The insoluble poly(vanillin) is synthesized during a one-pot, acid-

catalyzed polymerization reaction of vanillin in which auto-polycondensation, methyl-deprotection and

crosslinking occur simultaneously. The electrochemical performance of poly(vanillin) was assessed as

a cathode material in Li half-cells using either 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) or 1.0 M LiTFSI in DOL :

DME (1 : 1, v/v) as the electrolyte. The latter displayed the best performance for poly(vanillin), with

specific capacities of up to 101.25 mAh g−1 and a capacity retention of 85.5% after 350 cycles. The dQ/

dV plot exposes a well-defined reversible catechol redox at 3.2 V (vs. Li/Li+). Furthermore, the use of

water as the processing solvent for electrode fabrication using a poly(ionic liquid) as the binder was

demonstrated. This work shows a scalable synthetic route to a bio-based catechol redox polymer from

vanillin to be used as a high-voltage organic electrode material.
Introduction

Bio-based polymers are made from renewable biomass and
have a reduced footprint and natural degradability, making
them interesting for a green and circular economy.1,2 For their
syntheses, rawmaterials like plant oils, fatty acids, cellulose and
lignin are oen used. Of these, the latter, lignin, is the main
biomass feedstock for high-value aromatic chemicals.3–5 More-
over, lignin availability is potentially enormous both directly
from biomass as well as from paper industry waste streams.6–8 It
is due to this gigantic availability that much effort has been put
in utilizing the lignin polymer directly in copolymers or
composites, while lignin depolymerization methods for bio
reneries are explored to yield high-value aromatics.4,9–13

Although multiple compounds like ferulic acid, guaiacol,
dopamine and vanillin can be derived from lignin, currently
only vanillin is produced from lignin at industrial levels,
underlining its status as an important renewable aromatic
building block.4,14,15

The recognition of the abundance and usefulness of vanillin
by the food industry is demonstrated by its employment as
a main avoring and fragrance agent with an annual demand of
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20 thousand tons. Interestingly, in recent years efforts have
been made to exploit vanillin for the design of new monomers
and polymers. Caillol et al.16 reported on multiple epoxy ther-
mosets, while Cramail and co-workers demonstrated the use of
vanillin for concrete plasticizers, aromatic polyesters or
polyazomethines.16–23 More recently, vanillin-based non-
isocyanate polyurethanes have been proposed as sustainable
alternatives for rigid and so foams, as well as for coatings,
adhesives, sealants, elastomers and biomedical
applications.24–27

A sector that could prot extensively from bio-based polymers
is the battery industry.28–30 With the current surge in battery
demand, many electrode materials (e.g. cobalt, manganese and
nickel) are troubled by predictions of scarcity, topographical
limited harvesting, and vast footprints related to their process-
ing.31 However, over the last decade, redox-active polymers, used
as organic electrode materials (OEMs), have displayed great
promise as sustainable alternatives.32 Specically, those obtain-
able from biomass are interesting due to the possible harvesting
without topographical restrictions and their renewable feed-
stock, making their production fossil fuels independent.33 With
this incentive, several attempts have been made to incorporate
vanillin-based polymers as electrode materials in batteries.34,35

The latter can be realized by a facile oxidation of the vanillin
molecule, generating the electroactive benzoquinone scaffold, or
via methyl-deprotection which gives rise to the catechol redox
moiety.36 Although several vanillin-based polymers utilizing the
benzoquinone redox center display promising stability and
This journal is © The Royal Society of Chemistry 2025
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capacities, they are outperformed by those utilizing the catechol
moiety, since the latter exhibits a large theoretical capacity of up
to 402.57 mAh g−1 and high discharge potentials of 3.2–3.4 V
(vs. Li/Li+).37,38

Indeed, several catechol redox polymers, either bio-based or
bio-inspired, have displayed excellent performances. For
example, the bio-derived poly(dopamine) displayed a good
specic capacity of up to 133 mAh g−1 for Li-ion batteries when
coated on few-walled carbon nanotubes.39 Moreover,
Nagaraj Patil et al. impressively improved this specic capacity
with z100 mAh g−1 by synthesizing the bio-inspired poly(4-
vinyl catechol), eliminating signicant amounts of unneces-
sary mass.38 Unfortunately, the dopamine availability from
natural resources is limited and poly(4-vinyl catechol) is not bio-
based while the latter also requires amulti-step synthesis.40 This
makes catechol redox polymers derived from the widely avail-
able bio-vanillin a more than welcome alternative.

To use vanillin for the synthesis of catechol redox polymers,
Liedel et al. reported on a multi-step synthesis of vanillin-
functionalized chitosan and bisvanillonitrile biopolymers as
catechol electrode materials, displaying limited specic capac-
ities of 80 and 55 mAh g−1 aer 100 cycles, respectively.41,42

Although interesting, the current literature suggests that high-
performance bio-based catechol redox polymers derived from
abundant biomass, like vanillin, utilizing a facile and scalable
synthesis are a very welcome addition for organic electrode
materials.

Therefore, in this work, we report a scalable, facile, quanti-
tative, one-step polymerization reaction for vanillin and its
reference molecule protocatechuic aldehyde, providing
a pathway towards industrially producible, bio-based poly(-
catechol) materials. Note that protocatechuic aldehyde, which
can only be obtained from bio resources such as cocoa beans,
hemp and red sage in small amounts, was used as a reference
material as large-scale preparation is impeded by its limited
availability.43 The reported synthesis circumvents cumbersome
multi-step syntheses, by being multifunctional, as the poly-
condensation, methyl-deprotection and crosslinking occur
simultaneously, delivering a catechol polymer derived from
vanillin. To examine the electrochemical performance, both
polymers were subjected to cyclic voltammetry (CV) and Li half-
cell cycling as cathodes. We also demonstrate the possible
compatibility of the poly(catechols) with water-processable
binders for the fabrication of electrodes with even further
enhanced sustainability.

Experimental
Materials and equipment

Sulfuric acid (95.0–98.0%, ACS reagent) was purchased from
Thermo Fisher Scientic. Toluene, vanillin (ReagentPlus,
99%®), polystyrene-block-poly(ethylene-ranbutylene)-block-poly-
styrene (SEBS, average Mw ∼118 000 by GPC, contains >0.03%
antioxidant as the inhibitor), 1,3-dioxolane and 1,2-dimethoxy-
ethane (DME) were purchased from Sigma-Aldrich. 3,4-Dihy-
droxybenzaldehyde (98%) was purchased from BDL
PHARMATECH GmbH. Poly(diallyldimethylammonium)-dibutyl
This journal is © The Royal Society of Chemistry 2025
hydrogen phosphate was synthesized previously.44 Lithium
bis(triuoromethanesulfonyl)imide (LiTFSI) was purchased
from Iolitec. Battery electrolyte (1.0 M lithium hexa-
uorophosphate in ethylene carbonate/diethyl carbonate,
1 : 1, v/v) was purchased from Solvionic. Carbon coated
aluminum foil (width 260 mm, thickness 20 mm), lithium metal
(width 60 mm, thickness 100 mm) and conductive carbon black
super C65 (Timical) were purchased from Gelon Energy Co.
Limited. The 1.0 M LiTFSI DOL : DME electrolyte and SEBS stock
solutions (15 wt% in toluene) were prepared overnight before
use. All other chemicals and solvents were used as received.

SEM images

The scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectroscopy (EDS) mappings of the samples
were obtained using a TM3030 series Hitachi Tabletop Micro-
scope, as shown in ESI-II-4.†

Electrochemical testing

Cyclic voltammetry of the vanillin, protocatechuic aldehyde or
their polymers was performed in a Li half-cell. Li half-cells,
based on cathodes of poly(vanillin) or poly(protocatechuic
aldehyde), were assembled inside an argon-lled glovebox. For
detailed descriptions of electrode formulations, Li half-cell
setups and employed electrolytes see ESI-I-2.†

Synthesis of poly(vanillin)

10 g (65.73 mmol) of vanillin was dissolved in 20 mL of conc.
H2SO4. The reaction mixture was stirred at 130 °C for 5–15
hours. The solidied reaction mixture was added to 300 mL of
demineralized water. Subsequently, the polymer was repeatedly
submerged in 200 mL demineralized water until no colored
monomer solution was obtained anymore. Finally, the polymer
was dried overnight under vacuum at 60 °C. Yield: 96%.
ATR-FTIR (cm−1): 3043, 2554, 1584, 1506, 1456, 1270, 1200,
1146, 1029, 862, 614.

Synthesis of poly(protocatechuic aldehyde)

1 g (7.24 mmol) of protocatechuic aldehyde was dissolved in
2 mL of conc. H2SO4. The reaction mixture was stirred at 130 °C
for 5–15 hours. The solidied reaction mixture was added to
300 mL of demineralized water. Subsequently, the polymer was
repeatedly submerged in 200 mL demineralized water until no
colored monomer solution was obtained anymore. Finally, the
polymer was dried overnight under vacuum at 60 °C. Yield:
97%. ATR-FTIR (cm−1): 3071, 2941, 2525, 1559, 1507, 1442,
1270, 1136, 1088, 1026, 856, 617.

Results and discussion
Synthesis and characterization of poly(vanillin) and
poly(protocatechuic aldehyde)

Two bio-based polymers were synthesized as organic electrode
materials, employing the same facile method. The design of
a simplistic and scalable polymerization process delivering
Sustainable Energy Fuels, 2025, 9, 5018–5027 | 5019
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quantitative yields was key to fully exploit the large-scale
commercial availability of bio-vanillin, and to provide a poten-
tially interesting process for industry to produce high-
performance vanillin-based electrode materials. Moreover,
before vanillin could be utilized as an electrode material,
a demethylation was required to generate the redox-active
catechol moiety. While this type of reaction generally includes
the use of harsh reagents like BBr3, some studies observed
a methyl deprotection reaction while using conditions similar
to those reported in this work, potentially paving the way for
a possible in situ demethylation of the vanillin substructure
during the polycondensation polymerization reaction.45 To
conrm that our vanillin systemwill pass through the suggested
Scheme 1 The (a) one-step, quantitative polycondensation of (top) va
poly(vanillin) and poly(protocatechuic aldehyde), respectively. And (b) the
vanillin, inspired on mechanistical studies.

5020 | Sustainable Energy Fuels, 2025, 9, 5018–5027
pathway, a polymer analogue already containing the catechol
redox center was synthesized as the reference material: poly(-
protocatechuic aldehyde). This polymer served as a reference
for both the chemical and electrochemical characterization of
poly(vanillin). Even though protocatechuic aldehyde already
contains the catechol moiety and is obtainable from biomass,
its limited bio-availability makes it less appealing for large-scale
industrial processes.

The established polymerization reaction is depicted in
Scheme 1a, and is composed of a facile, quantitative and scal-
able one-step polycondensation reaction yielding poly(vanillin)
and poly(protocatechuic aldehyde), using concentrated sulfuric
acid both as the solvent and Brønsted acid catalyst for the
nillin and (bottom) protocatechuic aldehyde in conc. H2SO4, yielding
anticipated reactionmechanismof the condensation polymerization of

This journal is © The Royal Society of Chemistry 2025
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Friedel–Cras alkylation.46–48 Like the polymerization step, the
workup is simple, merely including a washing step utilizing
only water.

The optimized reaction conditions shown in Scheme 1a were
found aer careful screening of various reaction temperatures
(room temperature, 50, 70, 90 and 130 °C), as well as the
concentrations of vanillin and of H2SO4. Lower reaction
temperatures demanded longer reaction times, while reducing
Fig. 1 The (a) ATR-FTIR spectra of vanillin, poly(vanillin) and poly(protoc
poly(vanillin) and poly(protocatechuic aldehyde), with (c) the reported c
SEM images of poly(vanillin) and poly(protocatechuic aldehyde) are show

This journal is © The Royal Society of Chemistry 2025
the concentration of vanillin lowered the conversion, since
a notable difference in yield and product solubility was
observed. The latter was also observed for more diluted H2SO4

reaction systems.
To the best of our knowledge, this is the rst time that both

vanillin and protocatechuic aldehyde are polymerized in this
manner, albeit being inspired by previous work and the pres-
ence of mechanistic studies for similar reactions in the
atechuic aldehyde), and the (b) stacked 13C solid-state NMR spectra of
hemical shifts (ppm) of vanillin obtained by 13C solid-state NMR.56 The
n with a magnification of (d) 500× and (e) 300×, respectively.

Sustainable Energy Fuels, 2025, 9, 5018–5027 | 5021
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literature.49,50 The anticipated mechanism for the synthesis of
poly(vanillin) is shown in Scheme 1b and is similar for proto-
catechuic aldehyde. Here, the concentrated H2SO4 activates the
aldehyde moiety by protonation, inviting the aromatic scaffolds
to perform a nucleophilic attack on the carbonyl, connecting
the aromatic monomers.

The stacked 1H NMR spectra depicted in ESI-II-1† show the
1H NMR spectrum of vanillin and the soluble fraction of the
nal product which was mostly insoluble. An NMR sample of
assumingly oligomers was obtained upon stirring the nal
polymeric product in DMSO-d6 for 24 hours at elevated
temperatures, followed by ltration. The obtained 1H NMR
spectrum reveals that this Friedel–Cra reaction is not site-
specic and addition to any of the three available aromatic
positions is arbitrary. Three signals for the methoxy group of
vanillin with different chemical shis (d: 3.79, 3.84 and 3.87
ppm) appear, as well as numerous new aromatic signals with
slightly different chemical shis (d: 6.8–7.5 ppm), indicating
that the addition happens in a random fashion. The presence of
4 reactive sites in both monomers indeed results in a cross-
linked polymeric material, which could help to counteract
dissolution of the active material into the electrolyte.51 More-
over, the material was easily dispersed in multiple casting
solvents (e.g. toluene, NMP, water) with no visible solubility,
offering a vast range of choices for processing solvents for the
electrode fabrication. However, in contrast, the cross-linked
nature of the products impeded both NMR and GPC analyses
of the polymeric materials, despite attempts to perform them.
Therefore, ATR-FTIR, 13C solid-state NMR (SS NMR) and scan-
ning electrode microscopy (SEM) studies were performed.

Fig. 1a shows the stacked ATR-FTIR spectra of vanillin, pol-
y(vanillin) and poly(protocatechuic aldehyde), whereas the ATR-
FTIR spectra of protocatechuic aldehyde and poly(-
protocatechuic aldehyde) are compared in ESI-II-2.† While
comparing the spectra of vanillin and its polymer analogue,
several observations indicate the successful polymerization.
First, broader peaks with lower intensities can be observed for
poly(vanillin) with respect to those of the monomer. This indi-
cates an increase in intramolecular hydrogen bonding between
the different hydroxyl groups, as well as the presence of a range
of different vibrational energies for the C–H vibrations, which
result from the chemical anisotropy within the polymer.52

Second, the hydroxyl peak (3155 cm−1 = O–H, stretching)
remains present in the polymeric material, while the strong
C]O stretching signal at 1661 cm−1 related to the aldehyde of
the small molecule disappears completely upon polymerization.
Finally, the C–H vibrations of the CH3- and CHO group of
vanillin at the respective wavenumbers of 2945–3021 and
2858 cm−1 are not visible anymore for poly(vanillin).53,54

However, the presence of the CH3 group in the nal polymeric
structure cannot be excluded based on ATR-FTIR alone, since
the moderate signal could be overlapped by the broader
hydroxyl vibrations. Other techniques, like SS NMR and half-cell
cycling, can conrm the presence or absence of the methyl
moiety. However, when comparing the spectra of poly(vanillin)
and poly(protocatechuic aldehyde) in Fig. 1a, the ATR-FTIR
spectra of both polymers appear to be identical. Only a minor
5022 | Sustainable Energy Fuels, 2025, 9, 5018–5027
difference can be observed from wavenumber 2863 to
2943 cm−1, where C–H vibrations corresponding to non-
crosslinked methylene sites can be observed for poly(-
protocatechuic aldehyde).55

To conrm the aforementioned demethylation and to
further characterize and compare the structures of both
synthesized polymers, 13C solid-state NMR was performed. The
stacked spectra of poly(vanillin) and poly(protocatechuic alde-
hyde) are depicted in Fig. 1b, while the chemical shis of
vanillin, as reported in the literature, are shown in Fig. 1c.56

Focusing on the spectrum corresponding to poly(vanillin) rst,
it becomes clear that nomethoxy-related signal (dz 54.89 ppm)
is present in the spectrum of poly(vanillin). This supports the
hypothesis that the deprotection of the hydroxyl occurs during
polymerization. Second, no peak corresponding to the aldehyde
carbon (d z 190.29 ppm) can be observed, indicating the
consumption of the aldehyde functionality during the poly-
condensation reaction. From the obtained SS NMR spectra,
neither a full conversion from the aldehyde to a methylene
bridge, nor the partial conversion to a hydroxyl can be
conrmed, since corresponding peaks are not visible. However,
assuming the full conversion seems justied based on the
strongly acidic conditions and the high temperature used. The
presence of the conc. H2SO4 will result in the protonation of the
hydroxyl intermediate, pushing the reaction to completion,
driven by the generation of water as the leaving group. Thirdly,
in the spectrum of poly(vanillin) two distinct signals can be
observed and assigned to either the aromatic carbons (d = 100–
130 ppm) or the carbons adjacent to the hydroxyl groups (d =

135–160 ppm). Both are in strong agreement with the values
listed in Fig. 1c. Finally, when comparing the spectrum of pol-
y(vanillin) with that of the reference polymer, poly(-
protocatechuic aldehyde), both appear to be very similar. Only
negligible differences in the width of the aromatic signals can
be noted. Indeed, the high degree of likeliness of these spectra
conrms that the deprotection of the hydroxy group occurs in
parallel with the polymerization reaction. Hence the polymeri-
zation of vanillin and protocatechuic aldehyde yields the same
poly(catechol). However, for reasons of clarity, the poly(-
catechol) obtained from vanillin will be addressed as poly(-
vanillin) while the one obtained from protocatechuic aldehyde
will be referred to as poly(protocatechuic aldehyde).

Altogether, this procedure enables the large-scale trans-
formation of the industrially produced bio-vanillin into a bio-
based catechol redox polymer with known impressive charac-
teristics such as a high redox potential of 3.2–3.4 V (vs. Li/Li+)
and a theoretical capacity of 402.57 mAh g−1.38 Ultimately, SEM
was used to visualize the morphology of the black polymer
powders, as shown in Fig. 1d and e.
Electrochemical characterization of poly(vanillin) and
poly(protocatechuic aldehyde)

The electrochemical performances of vanillin, protocatechuic
aldehyde and their polymer counterparts were assessed as
cathodic materials by means of galvanostatic cycling (GC) and
cycling voltammetry (CV) in Li-metal cells, using 1.0 M LiPF6 in
This journal is © The Royal Society of Chemistry 2025
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ethylene carbonate (EC) : diethyl carbonate (DEC) (1 : 1, v/v) and
1.0 M LiTFSI in dioxolane (DOL) : dimethoxyethane (DME) (1 : 1,
v/v) as electrolytes and [Act. Mat: C65 : SEBS]= [40 : 50 : 10] as the
electrode formulation. The produced electrodes had an active
material loading of 0.92–1.8 mg cm−2. First, the electrochemical
features of the redox-active small molecules were investigated
using CV and GC techniques. Both protocatechuic aldehyde and
vanillin display poor cyclability, as reported in ESI-III-1–4.† The
limited stability of the molecules is mainly related to their high
solubility in organic electrolytes. In contrast, the cycling data for
both poly(protocatechuic aldehyde) and poly(vanillin), shown in
ESI-III-5–8† and Fig. 3 respectively, display the positive effect of
polymerization on the electrochemical stability.

Fig. 2a and b show the dQ/dV plots resulting from the gal-
vanostatic cycling of the poly(vanillin)-based organic electrodes
for the two different electrolytes at room temperature. The 1st,
5th and 75th cycles were selected, since the activation phase of
Fig. 2 The dQ/dV plots of the 1st, 5th and 75th cycles of Li half-cells emp
Mat. : C65 : SEBS]= [40 : 50 : 10] as the electrode formulation and either (a
v/v) as the electrolyte and a C-rate of 0.1C. (c) The charge and discharge c
for the same Li half-cells, utilizing either 1.0 M LiPF6 in EC : DEC (1 : 1, v/v)
a C-rate of 0.1C. The C-rate test for a poly(vanillin) containing Li half-c
shown in (d), while (e) exhibits the anticipated electrochemical mechani

This journal is © The Royal Society of Chemistry 2025
the 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) containing cell was only
completed aer 70 cycles, as also becomes evident from Fig. 2c.
Compared to the EC : DEC-based electrolyte, a better compati-
bility between the electrode and the DOL : DME-electrolyte can
be observed from the dQ/dV plot shown in Fig. 2a, where a more
dened catechol oxidation and reduction peak appears at 3.2 V
(vs. Li/Li+) aer a brief activation phase.38 The swi appearance
of the catechol redox couple and the more dened prole
indicate the improved compatibility of this specic electrode
formulation with the DOL : DME-based electrolyte, with respect
to the carbonate-based commercial one. Furthermore, the
appearance of the catechol redox prole additionally proves
that the demethylation reaction of the vanillin scaffold and
polymerization occur simultaneously.

The specic capacities over 350 cycles resulting from the
galvanostatic cycling of the same Li half-cells are shown in
Fig. 2c. The use of the commercial 1.0 M LiPF6 in EC : DEC (1 : 1,
loying poly(vanillin) as the redox-active cathode material, utilizing [Act.
) 1.0 M LiTFSI in DOL : DME (1 : 1, v/v) or (b) 1.0 M LiPF6 in EC : DEC (1 : 1,
apacity as well as the correlating coulombic efficiency over 350 cycles

or 1.0 M LiTFSI in DOL : DME (1 : 1, v/v) as the electrolyte and
ell employing 1.0 M LiTFSI in DOL : DME (1 : 1, v/v) as the electrolyte is
sm of the synthesized poly(catechol).

Sustainable Energy Fuels, 2025, 9, 5018–5027 | 5023

https://doi.org/10.1039/d5se00349k


Sustainable Energy & Fuels Paper

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
2:

31
:1

2 
A

M
. 

View Article Online
v/v) enabled the attainment of a satisfactory specic capacity
output (101.71 mAh g−1 aer 70 cycles) and a capacity retention
of 72.1% aer 280 cycles at 0.1C. However, the poor impreg-
nation by the electrolyte, as well as the low compatibility
between the electrolyte and the electrode caused very long
activation times (70 cycles) and poorly dened redox peaks (see
Fig. 2b). A signicant improvement was observed when
switching to 1.0 M LiTFSI in DOL : DME (1 : 1, v/v) as the elec-
trolyte. Fig. 2c shows that the activation period is greatly
reduced to 13 cycles, along with capacity retention improve-
ments from 72.1% to 85.5% aer 280 cycles subsequent to
reaching the peak specic capacity. Moreover, the peak specic
capacity value of 101.25 mAh g−1 is similar to the one observed
with the commercial electrolyte.

Fig. 2d shows the rate capability assessment of poly(vanillin)
combined with 1.0 M LiTFSI in DOL : DME (1 : 1, v/v) as the
electrolyte. The Li-metal cell was subjected to a subsequent
charging and discharging process at different C-rates (0.2, 0.5
and 1.0C) for 5 cycles each. The specic capacity of poly(-
vanillin) demonstrates decent resilience against the different
applied currents of up to 1.0C, displaying values of 86.2, 84.8
and 79.8 mAh g−1 for 0.2, 0.5 and 1.0C, respectively. For this
reason, as well as for testing the capacity response to high
currents, a second C-rate test was performed with the same cell
aer 200 cycles at 0.1C. Here, specic capacities of 73.7, 42.0,
22.2 and 8.8 mAh g−1 were observed for C-rates of respectively
1.0, 5.0, 10.0 and 15.0C. Remarkably, a minor specic capacity
fade of 13% (from 104.52 mAh g−1 to 90.93 mAh g−1) was
observed aer more than 200 cycles of repetitive charging and
discharging, involving high C-rates currents, up to 15C. The
limited specic capacity outputs at high C-rates can be imputed
to the cross-linked nature of the polymer which results in a non-
negligible internal resistance, thus restricting the ion move-
ment and coordination process. Nonetheless, the rate perfor-
mance of poly(vanillin) matches those of PDA reported by Patil
et al. for electrodes with similar mass loading.38 This together
with the specic capacity recovery subsequent to the C-rate test
with both moderate and high currents, the cycling stability and
displayed specic capacity outputs show the great potential of
this easy-to-synthesize biopolymer as the cathode material for
batteries. In ESI-III-9,† for several C-rates, the obtained specic
capacities are compared to values reported in the literature for
both bio-inspired and bio-based catechol-bearing redox
polymers.

The anticipated electrochemical mechanism of poly(-
catechol) is depicted in Fig. 2e. Here, the catechol moiety
exhibits the well-known reversible two electron process result-
ing in either the oxidized o-quinone or reduced lithiated-
catechol state.38 For more detailed studies on the catechol
electrochemistry, the reader is referred to other studies, as the
literature on this is plentiful and mechanistical studies are
beyond the scope of this paper.

Lastly, changes in electrode morphology were briey inves-
tigated by SEM, as shown in ESI-III-10.† However, no changes
were observed when comparing fresh electrodes to electrodes in
either the fully charged or discharged state. Note that the latter
electrodes were obtained aer completing the activation phase.
5024 | Sustainable Energy Fuels, 2025, 9, 5018–5027
To amplify the green character of the protocatechuic alde-
hyde and vanillin biopolymers, focus was shied to the elec-
trode fabrication process. Although the utilized electrode
preparation method is robust, fast and does not involve high
drying temperatures, SEBS requires the use of organic solvents,
toluene in specic. Therefore, to circumvent the use of the latter
as the casting solvent, the compatibility of poly(vanillin) and
poly(protocatechuic aldehyde) with waterborne binders such as
poly(diallyldimethylammonium) phosphate (PDADMA) poly(-
ionic liquid)s was explored. Two PDADMA-based poly(ionic
liquid)s, using either dibutyl hydrogen phosphate (DBP) or
diethyl hydrogen phosphate (DEP) as the counter-ion, were
synthesized as reported previously and tested as water-soluble
binders for the fabrication of bio-based water soluble organic
electrodes.44 The electrochemical performance of their fabri-
cated electrodes was assessed with both 1.0 M LiTFSI in DOL :
DME (1 : 1, v/v) and 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) electro-
lytes in Li half-cells.

The cycling performances of the PDADMA-DEP-based elec-
trodes for both poly(vanillin) and poly(protocatechuic aldehyde)
are shown in ESI-III-11.† Likewise, the cycling data of the
PDADMA-DBP electrodes tested with 1.0 M LiTFSI DOL : DME
(1 : 1, v/v) are depicted in ESI-III-12,† while the electrochemical
performance of the PDADMA-DBP electrodes tested with the
1.0 M LiPF6 EC : DEC (1 : 1, v/v) electrolyte is visualized in Fig. 3a
for both polymers.

The PDADMA-DBP-based electrodes undoubtedly out-
performed those based on PDADMA-DEP. Although the
PDADMA-DEP electrodes displayed good cycling stability for
poly(protocatechuic aldehyde) upon completion of the activa-
tion phase, the specic capacities remained low (see ESI-III-
11†). In contrast, PDADMA-DBP containing electrodes display
acceptable specic capacities with maximum values of 75 and
90 mAh g−1 respectively for poly(protocatechuic aldehyde) and
poly(vanillin), as reported in Fig. 3a. Surprisingly, under similar
conditions in terms of binder and electrolytes, the
poly(vanillin)-based electrode shows limited capacity outputs
and rapid fading in comparison with the poly(protocatechuic
aldehyde)-based one. However, similar results were obtained
twice for this Li half-cell setup. Interestingly, here the Li half-
cell containing poly(protocatechuic aldehyde), PDADMA-DBP
as the binder and the LiPF6-based electrolyte showed stable
cycling along with specic capacity values ofz78 mAh g−1 aer
350 cycles at 0.1C, with a coulombic efficiency approaching
100% (see Fig. 3a). The compatibility between the active mate-
rial, binder and electrolyte proved to be a multi-variable
problem. Although interesting, no further investigations were
performed to understand the poor performance of some
combinations of the PDADMA-binder, biopolymer and electro-
lyte, since this is beyond the scope of this study.

On the other hand, comparing the best performing half-cell
conguration containing PDADMA-DBP with one that only
differs by binder is of interest. Therefore, in Fig. 3b–d, the
electrochemical performances of poly(protocatechuic aldehyde)
with either PDADMA-DBP or SEBS as the binder and 1.0 M LiPF6
EC : DEC (1 : 1, v/v) as the electrolyte were compared. In Fig. 3b
the coulombic efficiencies and the charge–discharge capacities
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) The charge and discharge capacity, as well as the correlated coulombic efficiency over 350 cycles for poly(vanillin) and pol-
y(protocatechuic aldehyde) used as the cathode material in Li half-cells, utilizing [Act. Mat. : C65 : PDADMA-DBP] = [40 : 50 : 10] as the
electrode formulation and 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) as the electrolyte with an applied C-rate of 0.1C. (b) The charge and discharge
capacity, as well as the correlated coulombic efficiency over 350 cycles for poly(protocatechuic aldehyde) used as the cathodematerial in Li half-
cells, utilizing [Act. Mat. : C65 : binder]= [40 : 50 : 10] as the electrode formulation with 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) as the electrolyte and an
applied C-rate of 0.1C. Here, binder = SEBS or PDADMA-DBP. For the latter two cells, the comparison of (c) the dQ/dV plot and (d) the voltage
profile for the 150th cycle for both binders are also shown.
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over 350 cycles for poly(protocatechuic aldehyde) with SEBS or
PDADMA-DBP are shown. Interestingly, the PDADMA-DBP-
based electrode slightly outperforms the one containing SEBS
in terms of specic capacity at the peak value (90.68 vs. 86.14
mAh g−1, respectively) and specic capacity aer 350 cycles
(respective 75.01 and 72.28 mAh g−1). Moreover, the capacity
retentions (82.7% and 83.9%) and coulombic efficiencies
(99.49% and 99.93%) aer 350 cycles as well as the activation
phase show similar values for the two different battery designs.
Indeed, another long activation phase of z130 cycles was
observed, which is in agreement with earlier results displayed in
Fig. 2a for the LiPF6-based electrolyte. Possibly this is related to
the combination of the electrolyte, polymer chemical structure
and morphology, since any effect of the utilized binders can be
excluded. Nonetheless, the results of the PDADMA-DBP-based
electrode presented in Fig. 3b show that poly(protocatechuic
aldehyde) performs well with the waterborne PDADMA-DBP
binder, with comparable outcomes to the SEBS binder, paving
the way towards the development of water soluble, sustainable
bio-based organic electrodes.
This journal is © The Royal Society of Chemistry 2025
In addition, the ionic nature of the PDADMA-DBP binder and
intrinsic high ionic conductivity positively affect the electro-
chemical performance of the resulting organic electrodes, as
can be noted from Fig. 3c and d. In Fig. 3c a comparison of the
dQ/dV plot for poly(protocatechuic aldehyde)-based electrodes
with either SEBS or PDADMA-DBP as the binder is shown. The
SEBS containing cell displays yet again a poor-dened catechol
signal, where only a clear oxidation peak is visible. In contrast,
the PDADMA-DBP containing cell shows a very clear oxidation
and reduction signal at 3.2 V (vs. Li/Li+) related to the catechol
moiety. Consequently, the voltage prole improves signicantly
when moving from SEBS to PDADMA-DBP electrodes, as
becomes clear from Fig. 3d.
Conclusions

In this article, we show a green synthetic route to a vanillin bio-
based redox polymer as a cathode material for lithium organic
batteries. Two bio-based polymers, namely poly(vanillin) and
poly(protocatechuic aldehyde), were synthesized as catechol-
Sustainable Energy Fuels, 2025, 9, 5018–5027 | 5025
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bearing redox polymers. The synthesis was designed to be
facile, scalable and quantitative, and solely makes use of the
monomers, concentrated H2SO4 and water. In the case of
vanillin, the polycondensation, demethylation and crosslinking
occur simultaneously, delivering a catechol polymer derived
from vanillin in one step. The ease of the process combined
with the availability of especially bio-vanillin from bioreneries
may allow for facile upscaling towards industrial production of
bio-based poly(vanillin) cathode materials for batteries. Poly(-
protocatechuic aldehyde) containing a catechol redox moiety
served as the reference polymer for the structural and electro(-
chemical) performance.

The electrochemical performance of both polymers was
assessed as cathode materials in Li half-cells using different
electrolytes. The best performance for poly(vanillin) as the
cathode material in lithium metal/polymer cells showed peak
specic capacities of 101.25 mAh g−1, an improved capacity
retention (85.5% vs. 72.1%, 280 cycles aer the peak specic
capacity) and a well-dened dQ/dV plot showing a reversible
catechol at 3.2 V (vs. Li/Li+). Furthermore, the use of water to
process the electrodes was showed using a poly(ionic liquid)
binder. Interestingly, PDADMA-DBP with poly(protocatechuic
aldehyde) and 1.0 M LiPF6 in EC : DEC (1 : 1, v/v) showed the
best electrochemical performance, outperforming its SEBS
counterpart in terms of specic capacity (90.68 vs. 86.14 mAh
g−1, respectively), while displaying similar values for capacity
retention and coulombic efficiency over 350 cycles. Values
closer to the theoretical capacity value of the catechol redox
polymer might be obtained by optimization attempts in future
work. In summary, this work illustrates a scalable synthetic
route to a bio-based catechol polymer from vanillin to be used
as a high-voltage organic electrode material.
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17 S. Engelen, A. A. Wróblewska, K. De Bruycker, R. Aksakal,
V. Ladmiral, S. Caillol and F. E. Du Prez, Polym. Chem.,
2022, 13, 2665–2673.

18 M. Fache, A. Viola, R. Auvergne, B. Boutevin and S. Caillol,
Eur. Polym. J., 2015, 68, 526–535.

19 M. Fache, R. Auvergne, B. Boutevin and S. Caillol, Eur. Polym.
J., 2015, 67, 527–538.

20 L. Giraud, S. Grelier, E. Grau, L. Garel, G. Hadziioannou,
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